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Between March 2009 and March 2011 a commercial airliner equipped with a custom built measurement container (IAGOS-CARIBIC observatory) conducted 13 flights between South Africa and Germany at 10 e12 km altitude, traversing the African continent north-south. In-situ measurements of trace gases (CO, CH 4 , H 2 O) and aerosol particles indicated that strong surface sources (like biomass burning) and rapid vertical transport combine to generate maximum concentrations in the latitudinal range between 10 N and 10 S coincident with the inter-tropical convergence zone (ITCZ). Pressurized air samples collected during these flights were subsequently analyzed for a suite of trace gases including C 2 -C 8 non-methane hydrocarbons (NMHC) and halocarbons. These shorter-lived trace gases, originating from both natural and anthropogenic sources, also showed near equatorial maxima highlighting the effectiveness of convective transport in this region. Two source apportionment methods were used to investigate the specific sources of NMHC: positive matrix factorization (PMF), which is used for the first time for NMHC analysis in the upper troposphere (UT), and enhancement ratios to CO. Using the PMF method three characteristic airmass types were identified based on the different trace gas concentrations they obtained: biomass burning, fossil fuel emissions, and "background" air. The first two sources were defined with reference to previously reported surface source characterizations, while the term "background" was given to air masses in which the concentration ratios approached that of the lifetime ratios. Comparison of enhancement ratios between NMHC and CO for the subset of air samples that had experienced recent contact with the planetary boundary layer (PBL) to literature values showed that the burning of savanna and tropical forest is likely the main source of NMHC in the African upper troposphere (10e12 km). Photochemical aging patterns for the samples with PBL contact revealed that the air had different degradation histories depending on the hemisphere in which they were emitted. In the southern
Introduction
Although only 16% of the world population lives in Africa and industrialization is low, its geographical position across the southern and northern subtropics; the frequent occurrence of lightning and wild fires; its vast savannas and tropical forests and the seasonal migration of the inter-tropical convergence zone (ITCZ), all render this continent of considerable interest and importance for the chemistry of the global atmosphere. Particularly important emissions come from vegetation and soils (e.g. Guenther et al., 1996; Scholes and Andreae, 2000; Tubiello et al., 2013) , the burning of biomass such as tropical savannas or forests (e.g. Blake et al., 1996; Swap et al., 2003) , emissions associated with fossil fuel usage (e.g. Anomohanran, 2012) , pollution from domestic cooking, and even the growing number of megacities (Hopkins et al., 2009; Karl et al., 2009 ). Due to the seasonal north-south transition of the ITCZ over Africa, these emissions may impact either hemisphere (Crutzen and Andreae, 1990 ). Vertical transport processes, which are particularly effective in the tropics, then act to transport these emissions from the planetary boundary layer (PBL) to the upper troposphere (UT). These processes include: convective transport within the ITCZ Sauvage et al., 2007; Waliser and Gautier, 1993) ; convection associated with variations in the southern branch of the African Easterly Jet (Mari et al., 2008) , and the mid-to upper-tropospheric transport from Central Africa to the southern Atlantic Ocean (Real et al., 2010) . The vigorous convective transport from the PBL to the UT, the strong emission sources and the active photochemistry associated with high radiation make the African UT a particularly interesting location to study atmospheric composition and processing. Moreover, due to logistical, political, and technical constraints, the tropical African UT is considerably less well studied than the UT at temperate latitudes over America and Europe.
Several previous studies have investigated BB emissions and the photochemistry of trace gases from the African continent. TRACE-A (Transport and Atmospheric Chemistry near the Equator-Atlantic) and SAFARI-92 (Southern African Fire-Atmosphere Research Initiative) both investigated high ozone (O 3 ) concentrations above the South Atlantic Ocean between August and October, which were discovered in the mid-1980s by satellite measurements. Both campaigns concluded that BB in South Africa was the cause of the seasonal enhanced O 3 levels Swap et al., 2003) . SAFARI 2000 (the Southern African Regional Science Initiative) focused on the optical and radiative effects of BB plumes from southern Africa (Laakso et al., 2008) whereas the multidisciplinary approach of the AMMA program (African Monsoon Multidisciplinary Analysis) focused on the West African Monsoon. Within this program, organic trace gases from BB emission plumes in both the upper and mid troposphere (Bechara et al., 2010; Haywood et al., 2008) were detected and related to O 3 photochemistry (Real et al., 2010) .
Here we present a unique atmospheric measurement dataset encompassing multiple north-south transects of the African continent at 10e12 km altitude between March 2009 and March 2011. The measurements were made by the IAGOS-CARIBIC observatory (Civil Aircraft for the Regular Investigation of the atmosphere Based on an Instrument Container; www.caribicatmospheric.com) on flights by a Lufthansa Airbus A340-600 between Frankfurt, Germany and Cape Town or Johannesburg, South Africa. All the aforementioned campaigns have focused on specific sections of the African continent, in this study we provide an investigation of trace gas transport and processing on the continental scale from 35 N to 35 S.
The data are exploited to investigate the sources, transport and photochemistry of trace gases emitted from Africa reaching the UT. Non-methane hydrocarbons (NMHC) have been used to investigate sources using both emission ratio comparisons and a positive matrix factorization (PMF) model. This source receptor model works with direct measurement data so that both the source spatial pattern and emission quantity could be ascertained statistically from the measurement data without reference to emission inventories. Photochemical processing was also assessed by examining NMHC based photochemical clocks. The chemical fate of the exported trace gases was then traced using NMHC ratios. In the UT NMHC are primarily removed by the reaction with OH, with vastly different reaction rates (Baker et al., 2011a (Baker et al., , 2016 . The timespan of NMHC removal ranges from regional to intercontinental transport time scales (Baker et al., 2010; Honrath et al., 2008; Parrish et al., 2007 Parrish et al., , 1992 .
Experimental and applied methods
The CARIBIC measurements have been ongoing since 2005 and have become part of the European Research Infrastructure IAGOS (www.iagos.org). CARIBIC involves the monthly deployment of an automated measurement container on board of a specially equipped Lufthansa passenger aircraft (Airbus A340-600) during flights between Frankfurt, Germany and various destinations around the world (Brenninkmeijer et al., 2007) . The cruise altitude of 10e12 km enables regular investigation of the upper troposphere and lowermost stratosphere (UTLS) on a near-global scale. In March and October 2009 and from November 2010 to March 2011 destinations were Cape Town and Johannesburg ( Fig. 1 and Table 5 in the supplement). The dataset is biased in seasonality since no CARIBIC flights to Africa are available in boreal spring or summer (April to August).
The fully automated CARIBIC container comprises 15 measurement systems and carries out in-situ trace gas and aerosol particle measurements, remote sensing, and collects aerosol particle and whole air samples (Brenninkmeijer et al., 2007) . The in-situ measurements provide the largest data density, whereas the air samples allow for detailed post flight analyses of a much larger number of trace gas species.
Air samples
Whole-air samples (WAS) are collected in two different collecting devices using a common metal bellows pumping system. The first one (TRAC) consists of 28 glass flasks (2.7 L volume) and the second (HIRES) of 88 stainless steel flasks (1.2 L volume) which are sequentially flushed and pressurized to 4.5 bar. The filling time is altitude/pressure dependent and takes between 30 and 90 s, which corresponds to a flight distance of 7 kme22 km at a flight speed of 240 m s À1 (Baker et al., 2008; Schuck et al., 2009 ).
The whole-air samples are analyzed in Mainz, Germany for greenhouse gases (carbon dioxide CO 2 , methane CH 4 , nitrous oxide N 2 O, and sulfur hexafluoride SF 6 ) and C 2 to C 8 NMHC, usually within 2 weeks after the flight, and subsequently for halocarbons at UEA in Norwich, UK usually within 8 weeks. Greenhouse gases and NMHC are analyzed in both sampling devices TRAC (6 units available of which 2 are in the container during flight) and HIRES (one unit only), while for logistical reasons halocarbons are analyzed in samples from TRAC only. Greenhouse gases are measured using gas chromatography and an electron capture detector/flame ionization detector (GC-ECD/FID) described in Schuck et al., 2009 ; NMHC and methyl chloride are measured using a GC-FID system (Baker et al., 2010) and the halocarbons are measured using several GC-MS systems as detailed in Leedham Elvidge et al. (2015) and Wisher et al. (2014) . In our analysis we focus on a subset of measured halocarbons: methyl chloride, tetrachloroethylene, dichloromethane, chloroform and bromoform (CH 3 Cl, C 2 Cl 4, CH 2 Cl 2, CHCl 3 and CHBr 3 ), which were measured reliably during all Africa flights.
2.2. In-situ measurements CO, CH 4 , H 2 O mixing ratios and aerosol particle number concentration measurements were made in-situ. An overview of these measurements is given in Table 1 . This analysis is constrained to the aforementioned compounds, since they were measured in almost every flight between March 2009 and March 2011 during the flights to South Africa and do not show a strong inter flight variability (NO/ NO y ) or strong seasonality (CO 2 ).
Meteorological data and tropospheric air masses
We focussed our analysis on tropospheric in-situ measurements and WAS between 35 N and 35 S. Stratospherically influenced WAS were excluded on the basis of N 2 O, a compound that shows a sharp gradient across the tropopause. It is long-lived and well mixed in the troposphere and photochemically destroyed in the stratosphere (Assonov et al., 2013; Umezawa et al., 2014) . We identified the stratospheric air samples by comparing the measured N 2 O with the long-term trend measured at Mauna Loa (Ishijima et al., 2010) . Using the N 2 O stratospheric tracer method we exclude 8% of NMHC samples (TRAC & HIRES) and 7% of halocarbon samples (TRAC) as stratospherically influenced. Moreover, based on the N 2 O measurements a threshold O 3 tropopause was derived for the in-situ data, for which no N 2 O data are available (N 2 O being only measured for WAS). The O 3 mixing ratio corresponding to the WAS was plotted and the N 2 O stratospheric tracer identification was used to find a conservative limit, being 85 ppb O 3 (supplement, Fig. 10 ), so that stratospherically influenced air masses were excluded. This method excluded 1.0% of CO measurements, 1.9% for CH 4 , 1.2% for H 2 O, 1.1% for nucleation mode particles (N 4-12 ) and 2.4% for accumulation mode particles (N 140 ). Stratospheric samples were mainly excluded between 25 S and 35 S and 25 N-35 N, where subtropical tropopause folds and/or extratropical stratospheric air can be found. Meteorological analysis is based on the ECMWF re-analyzed data determined along the flight track for each (Goudie, 1996) . The thick circles mark the samples representing boundary layer air, according to backward trajectories and convection based on OLR satellite data (see Section 2.4). Vegetation types are adapted from Murdock (1959) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) individual sample (van Velthoven, 2016) . Meteorological fields such as wind, temperature and specific humidity are retrieved at a 1 Â 1 horizontal resolution at time intervals of 6 h, and they are interpolated to flight track locations at 1 min time steps. The KNMI TRAJKS model calculates 5 day backward trajectories along the flight track at 3 min intervals (Scheele et al., 1996) and for WAS 8 day backward trajectories are calculated based for the sampling time interval at 10s time steps. For each flight the interpolated outgoing longwave radiation (OLR) daily mean values provided by the NOAA earth system research laboratory physical science division, Boulder, Colorado, USA (www.esrl.noaa.gov/psd/), were downloaded for a 10 day time interval, centered on the flight day and the mean OLR values superimposed on a map of the flight route to assess cloud distributions.
Air masses with boundary layer contact
Emission ratios and photochemical processes were studied using a subset of tropospheric samples representing air masses that had undergone recent contact with the PBL over the African continent (<5 days). The occurrence of PBL contact was determined either by meteorological analysis using backward trajectory analysis, or by verifying proximity to major convective systems, using OLR satellite data. Air masses whose back trajectories had reached pressures of above 850 hPa within the prior five days were classified as PBL influenced (n ¼ 35). Cases of strong convection (n ¼ 47), when back trajectory analysis is unreliable , were identified by OLR 240 W m À2 (Nguyen and Duvel, 2008) .
If either criterion was met (both criteria met 50% of cases), backward trajectory pressure above 850 hPa or OLR values 240 Wm -2 , air sampled was presumed to have had PBL contact. This created a subset of n ¼ 55 samples. The distribution of these samples is displayed in Fig. 1. 
Source apportionment methods
Sources of the sampled trace gases were characterized with the help of the source apportionment positive matrix factorization (PMF) method, specifically using the US EPA PMF 5.0 software (U.S. EPA, 2014). It assumes that measured mixing ratios at the receptor site, in this case the aircraft, are linear combinations of contributions from different sources (Li et al., 2015; Paatero et al., 2014; Paatero and Tapper, 1994) . Based on the uncertainties within the observed mixing ratios, the PMF solution minimizes the objective function Q (U.S. EPA, 2014) with u ij ¼ uncertainty estimate for the source j measured in the sample i.
The best PMF solution should make the Q value equal to Q theoretical , which can be calculated according to equation (2), where i ¼ number of samples, j ¼ number of species, p ¼ number of sources.
In PMF analyses there is an inherent uncertainty due to random errors and a possible rotational ambiguity, i.e. many possible solutions can equivalently represent the measured data. The EPA PMF software uses three methods for estimating this uncertainty which are: classical bootstrap, displacement of factor elements, and bootstrap enhanced by displacement of factor elements (Paatero et al., 2014) . We used these methods to evaluate the results calculated with the PMF software. How these methods work is described in Brown et al. (2015) . The PMF analysis has the advantage that it is entirely based on the measured mixing ratios and their uncertainty, and does not need source emission ratios as input. However, emission sources derived from the PMF analysis need to be compared to known source emission ratios to ascertain their identity.
Results and discussion
The effects of strong convective transport to flight altitude near the ITCZ, mixing of aged/background and fresh/polluted air, and the hemispheric gradient can be readily gleaned from the data. These features are discussed in the flight overview Section 3.1. The various sources of the trace gases are differentiated using NMHC in the PMF model and NMHC/CO emission ratios in Section 3.2. In the last Section 3.3, the NMHC-ratios are exploited to examine oxidation pathways and O 3 formation.
Flight overview
The latitudinal profiles over Africa of the in-situ measured trace gases (CO, H 2 O, and CH 4 ) and aerosol particles are given in Fig. 2 . The entire dataset (boreal fall and winter, Table 5 , supplement) has been plotted as a whole since little latitudinal differences between the single flights are present, although the burning season migrates from the SH to the NH between September and March (Galanter et al., 2000) . CO, H 2 O, CH 4 and freshly formed particles (nucleation mode) consistently show maximum mixing ratios and concentrations around the equator.
The peak median CO mixing ratios (close to 150 ppb) near the equator are caused by the combination of strong surface sources and effective convective transport. CO does not show a pronounced interhemispheric gradient at this altitude (compared to CH 4 ) since its lifetime is shorter and convection associated with the ITCZ serves to mix air into both hemispheres in the cloud outflow region (e.g. Williams et al., 2002) .
The maximum in median mixing ratio of CH 4 coincides with that of CO. The longer lifetime of CH 4 leads to a clear NH/SH gradient at cruise altitude, in contrast to shorter lived CO, while a larger relative variability for CH 4 is generated by highly variable surface sources and interhemispheric mixing. The latitudinal pattern of CH 4 mixing ratios and different sources of CH 4 in Africa, such as biomass burning and wetland emissions have already been discussed in detail by Schuck et al. (2012) .
The maximum of the median H 2 O mixing ratios is shifted south Hermann (2003); Hermann et al. (2016) compared to CO and CH 4 . H 2 O is a good tracer for recent vertical transport and therefore marks the ITCZ in the UT, which over Africa is located south of the equator during boreal winter (Waliser and Gautier, 1993) . North of 17.5 N very low mixing ratios and a low variability were found, caused by the dry descending air that is characteristic of the northern part of the Hadley cell. A high variability in gaseous H 2 O south of 25 S is notable in the data covering different months. This variability is also obvious in the OLR data (Supplement, Fig. 13 ). Finally Fig. 2 shows the aerosol particle number concentrations for the nucleation mode (4 nm diameter 12 nm, N 4-12 ) and the accumulation mode (140 nm diameter 1 050 nm, N 140 ). The nucleation mode particles are most abundant between 10 N and 20 S, similar to the H 2 O data, indicating that deep convective outflow in the UT is responsible for the observed frequent new particle formation (Heintzenberg et al., 2011 (Heintzenberg et al., , 2003 . Fig. 2 also presents the first ever measured UT accumulation mode particle numbers over Africa. N 140 shows, in contrast to N 4-12 , a minimum in the tropics and higher values towards higher latitudes. These contrasting gradients of N 140 are caused by the removal of these larger particles in clouds by nucleation and impaction scavenging, again indicating the position of deep convective clouds and thus the ITCZ (Liu and Zipser, 2005) .
The qualitative summary of the latitudinal profiles is therefore that H 2 O is the best tracer for the ITCZ, whereas CO and CH 4 are prominent at cruise altitude where surface sources are active. Fig. 2 (CH 4 and CO) also reminds us that Africas largest land masses, and hence trace gas sources for the discussed species, are north of the equator.
Although air sampling provides a lower data density along the flight tracks, similar patterns as discussed above for CO, CH 4 , H 2 O and aerosol particles (N 4-12 ) are discernible for ethane, ethyne, propane and benzene in Fig. 3 . The decrease in relative variability (box and whisker length) from benzene > propane z ethyne > ethane is inversely proportional to the lifetime of these NMHC (Table 2) . This relationship is the result of both the mixing of freshly polluted air and aged background air, and photochemical processing between source and measurement. The two processes, dilution and photochemistry, act in concert yielding the same effect and, only when the sources are very close does the relationship breakdown. The halocarbon overview (Fig. 4) shows that C 2 Cl 4, CH 2 Cl 2, and CHCl 3 , have, compared to the NMHC, a more pronounced NH/SH gradient, with generally higher mixing ratios at the more northerly latitudes. The latitudinal gradient is strongest for CH 2 Cl 2 and decreases via C 2 Cl 4 to CHCl 3 with CHBr 3 barely exhibiting a gradient. The relative differences in NH/SH gradients correspond inversely to the atmospheric lifetimes of the species (Table 2 ) and the predominant NH source locations. To investigate the source locations of halocarbons further, eight day back trajectories were examined (Fig. 11, supplement) revealing mainly eastwards transport with convection above the African continent, the Atlantic and South America. Sources of CH 2 Cl 2 and C 2 Cl 4 are primarily industrial (Leedham Elvidge et al., 2015; Simpson, 2004) and therefore predominantly found in the NH. For CHCl 3 and CHBr 3, besides minor industrial sources, strong natural oceanic and terrestrial sources are known (Gebhardt et al., 2008; Laturnus et al., 2002; Leedham et al., 2013; Real et al., 2010) . CHBr 3 , the compound with the shortest lifetime, has a convection dominated distribution pattern, with elevated mixing ratios between 10 N and 10 S. A difference between the halocarbons and the NMHC is in the type and distribution of their sources. In general, NMHC have common sources associated with fossil fuel use with well-defined emission ratios for the different NMHC. Halocarbons on the other hand can have quite variable emission strengths dependent on the specific sources. The overview of CH 3 Cl (methyl chloride) for the Africa flights of the CARIBIC-observatory was recently discussed by Umezawa et al. (2014) , (supplement Fig. 12 ). The mixing ratios of CH 3 Cl increase from the NH towards the equator and stay high going further south, showing a strong influence of CH 3 Cl sources in Africa which are BB and non-combustion sources, mainly vegetation emissions (Umezawa et al., 2014) .
Trace gas sources
To investigate the sources of the trace gases in the air masses encountered, two different approaches are employed. The first is a source apportionment approach using PMF; the second exploits enhancement ratios of NMHC relative to CO. For the PMF approach, the whole tropospheric dataset of NMHC (n ¼ 230) was used (Section 2.3) excluding species that were below the detection limit more than 25% of the time (e.g. i-butane, toluene). The in-situ measured compounds were not part of the dataset since the correlation between CO, CH 4 , H 2 O and particles was tested with the source categories resulting from the PMF analysis. The halocarbons are part of a much smaller dataset (n ¼ 91), because they were measured from the TRAC-samplers only (Section 2.1). When halocarbons were included swaps in the displacement (an error estimation within PMF) occurred for all runs, showing that the solutions of the PMF analysis were not well defined. We therefore excluded the halocarbons to have the dataset of n ¼ 230 measurements for the NMHC. The eligible data for PMF included: ethyne, ethane, propane, n-butane and benzene. Secondly, the enhancement ratios approach was applied to investigate BB emissions. For this analysis the dataset was filtered to include only the aforementioned samples with PBL contact (n ¼ 55) to calculate the enhancement ratios (Section 2.4).
PMF for source apportionment
PMF is a multivariate analysis method that decomposes the matrix of measured sample concentrations into two matrices of source profiles, the emission pattern of each source, and source contributions, the relative amount each profile has. For this statistical method no source emission profiles are needed as input. The calculation of both source profiles and contributions is based on the matrix of measured compounds only. To use this method the PMF (Atkinson, 2003) . b (Montzka and Reimann, 2010) .
5.0 software (U.S. EPA, 2014) was utilized, which uses the sample concentration and user provided uncertainty of the sample data to weight the individual data points in the data matrix. PMF is used as a tool to identify the sources of trace gases such as NMHC, and their relative impact at a given location. This tool has been applied previously on data collected from surface sites, close to the sources of different VOCs (Buzcu and Fraser, 2006; Shao et al., 2016; Song et al., 2007) , and on datasets containing several VOC groups. Here we extend the use of this method to NMHC samples measured in the UT above Africa far from the sources. Therefore our dataset is biased to the few longer lived compounds that are measured above the detection limit in more than 25% of the measurements. This precludes differentiation of some closely related sources, such as particular fuels like LPG or natural gas, as such fine distinctions require multiple shorter lived compounds. The evaluation of the PMF results in this manuscript is therefore focused on the main general source characteristic, which is accessible with the measured longer lived NMHC mixing ratio matrix. To evaluate the PMF results the source profiles resulting from the analysis were compared to literature values and the resulting source contributions were compared to the in-situ data measured during the transAfrica flights. The uncertainty matrix of the data was calculated by the PMF software using the concentration as well as the methods detection limit (MDL) and the species specific measurement uncertainty (Error Fraction), both derived from Baker et al. (2010) for the applied analytical method.
The limit of detection was 1 ppt for all compounds except benzene where we used the detection limit of 3 ppt. The uncertainty used in the model was 0.9%, 0.2% 0.8% 0.3%, 0.4% and 2.3% for ethyne, ethane, propane, n-butane and benzene respectively and all results should be considered with this uncertainty in mind. To investigate the suitable number of sources we modeled two to four sources. The PMF software calculated chemically unrealistic single compound sources for five or more sources, due to the fact that only five compounds were used for the calculation. The three sources solution was deemed to be most representative based on the resulting source profiles and the statistical error estimation within the PMF software. The observed and predicted scatter plots for the three sources solution showed a good correlation for the different species close to the 1:1 line. The residuals of the three sources solution were normally distributed within the À3 to 3 sigma interval and the calculated source profiles were comparable with source profiles from literature. The error estimation also favored the three source solution. The first error estimate displacement of factor elements showed no mismapping, which means that the solution is well defined for all tested source numbers, but the second error estimate the classical bootstrapp had displacements for the two or four source solutions tested. This displacement in bootstrap is a sign that either too many factors were used (four sources) or that factors with a low reproducibility occur infrequently in the data (Brown et al., 2015) . If two sources are used although in reality there are three sources, the dataset produces mixed sources which reduce the reproducibility of the dataset. For 
the three sources all bootstrap factors were mapped, which shows that from a statistical point of view the three sources solution is the most realistic one, which in addition to the comparability to literature emission sources is the reason we used the three source solution for the discussion. To attribute the calculated PMF sources displayed in Fig. 5 to probable emissions, the source profiles calculated by the PMF model were compared to emission profiles from literature. Since all NMHC have the same removal pathway (namely OH) the calculated sources are comparable to emission sources on the ground despite the calculated sources being based on measurements in the free troposphere far away from the surface sources. The first source, termed "fossil fuel", was attributed to the emission of fossil fuels/ natural gas because it mainly consists of saturated alkanes (ethane, propane, n-butane) with only a minor contribution of unsaturated compounds (ethyne, benzene). Moreover, the pattern follows the abundances of the different NMHC in liquefied petroleum (LPG) with ethane > propane > n-butane. The saturated C2-C4 alkanes which are elevated in the PMF source profile are often associated with fugitive emission and combustion of natural gas or LPG (Baker et al., 2008) . Since the higher alkanes C5-C8 which would indicate vehicular emissions have shorter lifetimes and are depleted below the detection limit before they arrive the sampling altitude we cannot exclude them from the source emissions (Baker et al., 2008; Chan and Wang, 2000; Mühle, 2002) . Therefore we call the source associated with the PMF source profile fossil fuels which should include both fugitive emission and combustion processes of natural gas/LPG and vehicular fuels. The second source calculated, labeled "biomass burning" (BB), was attributed to the NMHC emission during burning of biomass. The comparatively high mixing ratios of benzene and ethyne, both unsaturated compounds, are known components of biomass burning of grassland or tropical forest (Andreae and Merlet, 2001 ). In the BB source, the abundance decreases in the order ethane (195 ppt), ethyne (136 ppt), benzene (15 ppt) and propane (13 ppt) which is comparable to the decrease of emission factors, related to the mass of biomass burned, reported for savanna burning from two literature studies (Akagi et al., 2011; Andreae and Merlet, 2001 ), of 0.66, 0.24, 0.20 and 0.10 g kg
À1
(burned biomass) and 0.32, 0.29, 0.23 and 0.09 g kg
(burned biomass) , respectively. The biomass burning source of NMHC is discussed in the next section in more detail. The third source calculated, "background", was so-named as the mixing ratios of the NMHC for this source were proportional to their atmospheric lifetimes (Table 2) . We contend that any mixture of NMHC subjected to OH chemistry for a prolonged period will tend towards this condition, as the longer lived species persist over the shorter lived ones. The original source signature thus is lost with long processing times. The "background" source shows ethane (lifetime 50 days) as the dominant component with a strong decrease to propane (12.5 days) and ethyne (12 days), with no n-butane (5 days) or benzene (9.4 days). Keeping the detection limit and the uncertainty in mind both compounds could be still in "background" air, but their mixing ratios are too small to be resolved by the PMF model. It is interesting that the PMF analysis revealed an air mass classification of background air for the tropics as a study for the mid-latitudes and subtropics using the different statistical approach of cluster analysis for CARIBIC aerosol particle data also found a cluster of background air in the free troposphere (K€ oppe et al., 2009) .
Comparing the source contributions to the ethane mixing ratio it is clear that ethane mixing ratios are predominantly determined by "background" air values, followed by "BB" and "fossil fuel". Ethyne and benzene mixing ratios are dominated by the "BB" source. Propane and n-butane have their main source in "fossil fuel".
In addition to the literature comparison above, we compare the source contributions of the three sources with the in-situ measurements of CO, H 2 O, CH 4 and nucleation and accumulation mode particles. For this comparison we integrated the in-situ measured data over the sampling period resulting in 160 samples for CO, 141 samples for H 2 O, 175 samples for CH 4 , 117 samples for nucleation mode particles N 4-12 and 76 samples for accumulation mode particles N 140 . The correlation of the source contributions for the three sources from the PMF-model and the in-situ species were tested using a t-test and F-test, both at a significance level a ¼ 0.05. The results of the test for each in-situ compound can be found in the supplement material. The source contribution correlation with CO ( Fig. 6 ) and CH 4 showed decreasing correlation coefficients r 2 in the sequence from BB, fossil fuel to background source from 0.43 to 0.16 and 0.01 and from 0.25 to 0.17 and 0.02, respectively. For both trace gases a significant correlation was found for the BB and fossil fuel sources with both F-and t-tests, and for both gases no correlation was found for the "background" source. The significant correlation between the two in-situ gases, CO and CH 4 , and the "BB" or "fossil fuel" source contribution is an indication that those sources are determined by emissions from the surface and therefore the correlation also supports the PMF results for the source apportionment. The good correlation for the "BB" source contribution is expected since both CO and CH 4 are emitted during incomplete combustion of biomass (Andreae and Merlet, 2001; Khalil and Rasmussen, 1990; Kirschke et al., 2013) . The correlation for the fossil fuel source contribution and CH 4 is also expected since CH 4 is associated with the exploitation of gas, oil and coal (Kirschke et al., 2013) . The correlation of the fossil fuel source contribution with CO shows that the calculated PMF source named fossil fuel also contains emissions from incomplete combustion of fossil fuel (Gros et al., 1999; Khalil and Rasmussen, 1990) . The lack of correlation between both in-situ gases and the background source contribution is an indication that the "background" is not related to surface sources. It can be concluded that in the upper troposphere region the air is well aged so that all ground source influence has been lost. The accumulation mode particle data (N 140 ) correlate significantly (t-and F-test) with the BB source profile (r 2 ¼ 0.32) (Fig. 6) , indicating that the accumulation mode particles measured are at least partly formed during BB, which is known source of airborne particles above Africa Johnson et al., 2008; Matsuki et al., 2010) and that this information is preserved during transport and aging of the air mass to the sampling altitude. The particle data are not correlated with fossil fuel and background PMF profiles. The H 2 O data and the data of the nucleation mode particles (N 4-12 ) show no correlation with the source contribution of any source profile calculated with the PMF analysis. That both these in-situ compounds show similar behavior here and in the overview indicates that the measurements were taken in the outflow of deep convective clouds, which transport water to the UT, and where new particle formation is expected, independent of sources of precursor gases (BB or fossil fuel).
Enhancement ratios and biomass burning
To investigate the sources of the trace gases from Africa, the boundary layer influenced dataset (Section 2.3, Fig. 1 ) was used, with the additional two compounds toluene and CH 3 Cl. Toluene is included in the PBL dataset, since it is measured above the detection limit in 35% of the cases compared to the whole tropospheric dataset (<25%). CH 3 Cl is now included since the correlation analysis can be done even if this compound has a relatively high analytical uncertainty (Umezawa et al., 2014) . To determine enhancement ratios (DX/DCO ¼ (X sample ÀX background )/(CO sample ÀCO background )), background values are necessary. The NMHC background calculated from the PMF source "background" was therefore used for ethyne, ethane, propane, and benzene. Toluene, which has a shorter lifetime than n-butane, was assumed to be zero in background air, which is in line with the PMF result. The CH 3 Cl background was assumed to be 550 ppt (Umezawa et al., 2014) . For the CO background 70 ppb was assumed which is the mean in CO between 35 S and 25 S in the overview, where convection and sources are low compared to air influenced from the boundary layer. DNMHC/DCO was then derived from NMHC-CO-scatter plots which are shown in Fig. 7 . All NMHC (ethane, propane, ethyne, benzene and toluene) Fig. 6 . Correlation between the factor contribution of the PMF factors fossil fuel, background and biomass burning versus the CO mixing ratios and versus particle numbers for the accumulation mode calculated or measured for each CARIBIC sample. The lines show the calculated correlation and the 95% confidence interval of the slope. The whole tropospheric dataset is shown for the PMF analysis (n ¼ 230).
and CH 3 Cl, show a significant correlation with CO (R 2 > 0.37).
Ethyne and benzene are well correlated with CO (R 2 ¼ 0.81 and R 2 ¼ 0.54, respectively) due to their shared combustion sources for example BB (Baker et al., 2011b) . CH 3 Cl is also emitted by BB, but the correlation nevertheless is somewhat weaker (R 2 ¼ 0.44) than for the unsaturated NMHC, which could be explained by a relative small enhancement in CH 3 Cl due to BB emissions compared to a large background especially in the tropics (Khalil and Rasmussen, 1999) . However, even gases with other, non-combustion sources, such as ethane and propane, show strong correlations with CO (R 2 ¼ 0.86 and R 2 ¼ 0.50, respectively) which can be attributed to co-located sources and well mixed air masses during transport from the ground. The weakest correlation with CO is seen for toluene (R 2 ¼ 0.37), again a compound with a significantly shorter lifetime than CO. The enhancement ratios between ethane, propane, ethyne, benzene, toluene, CH 3 Cl and CO were compared to enhancement ratios calculated for single air samples during a flight from Windhoek to Munich, conducted within the first phase of the CARIBIC project called CARIBIC1 in a BB plume in 2000 (Mühle, 2002) , and to ratios measured during BB plume events during the TRACE-A campaign 1993 in Southern Africa (Mauzerall et al., 1998) , see Table 3 . The calculated enhancement ratios for ethane, propane and CH 3 Cl are in the medium range of the enhancement ratios previously reported in recent and aged BB plumes (Mauzerall et al., 1998; Mühle, 2002) , whilst the enhancement ratios of the unsaturated compounds ethyne, benzene and toluene are in the lower part of the enhancement ratio range given in the literature. In typical BB investigations the ER is calculated from measurements which are clearly inside a BB plume for the sample values, and outside the plume for background values. In our study, the enhancement ratios of NMHC and CH 3 Cl from Africa were calculated for samples which had had recent (<5 days) contact to the PBL (Section 2.3), regardless if they were in a BB plume or not. The good agreement of these measurements and literature values in BB plumes show that the samples measured during the 13 trans-Africa flights are mainly influenced by BB. This result is consistent with satellite data of active fires during a ten day period before and during the flight days by MODIS (Giglio et al., 2003) . The low ratios of unsaturated NMHC (Dbenzene/DCO, Dtoluene/DCO and Dethyne/DCO) which are emitted by BB indicate that the air masses we investigate are aged BB plumes. In a BB plume the enhancement ratios decrease and progressively disappear faster with the shorter lifetime of NMHC (Mauzerall et al., 1998) . During the aging of a plume both reaction with OH and mixing with background air occur, and both reaction and mixing have the same effect in that they reduce the enhancement ratios. Thus these two effects cannot be separated. To investigate both processes separately from another more than one NMHC emission ratio is necessary (Baker et al., 2011b; Parrish et al., 2007 ). This analysis is described in the next Section 3.3.
To investigate the type of biomass that produced these signals we compare the calculated enhancement ratios to source emission ratios for BB of different biomass classes (Akagi et al., 2011; Andreae and Merlet, 2001 ). To facilitate comparison, the aircraft observed enhancement ratios were age corrected. The age correction was based on the relationship between initial enhancement ratio (ER 0 ) and the ratio determined from the measurement (ER t ) from equation (4) which is a well-established method to compare ground data to aircraft measurements (Baker et al., 2011b; de Gouw et al., 2001; Scheeren et al., 2003) . In this equation ER t and ER 0 are ratios of a compound A to CO in the air mass at the measurement time, and at the source, respectively, k CO and k A are the reaction rate constants of CO and compound A with OH (Table 2) , jOHj is the spatial and temporal average OH concentration encountered by the air parcel during transport time Dt. This method does not account for mixing with other air masses, which in reality will occur, and consequently the emission ratios estimated with this age correction provide a lower limit. The transport time Dt was estimated on the basis of the backward trajectories for each air sample provided by KNMI (van Velthoven, 2016) , by counting the days since PBL contact and calculating the average for all air samples with pressures above 850 hPa within 5 days. This method results Dt ¼ 107 h. The cases with strong convection identified by OLR measurements were not used to calculate the transport time. We used jOHj of 9.3 Â 10 5 molec cm À3 (Spivakovsky et al., 2000) , which is the predicted mean OH concentration between 12 N and 12 S at 200 hPa in January. All assumptions for the age correction lead to a high uncertainty for this method, which we estimate to be around 30% . The emission ratios with age correction are displayed in Table 4 .
The calculated emission ratio for Dethane/DCO is in the range of savanna and grassland burning and the emission ratio of tropical forest burning (Akagi et al., 2011; Andreae and Merlet, 2001 ). The age corrected emission ratio for Dpropane/DCO is comparable to the ratio for savanna burning from Akagi et al. (2011) . The ratios for the unsaturated and aromatic compounds Dethyne/DCO and Dbenzene/DCO are low for savanna and tropical forest burning compared to both literature studies. There are two possible reasons for the lower age corrected emission ratios for the unsaturated compounds compared to the saturated; 1) mixing with background air, which is discussed in the next section and 2) the lower ratio could mean that the mean real transport time is longer than the one used in the age correction, since during the longer transport time the ratio would decrease more by reactions with OH and conversely the age corrected ratio would be higher and therefore fit literature values more closely. The calculated Dtoluene/DCO and DCH 3 Cl/DCO enhancement ratios lie between savanna and tropical forest for both literature studies. All age corrected ratios, except DCH 3 Cl/DCO, are clearly smaller than the biofuel burning ratio from Andreae and Merlet (2001) , therefore the burning of biofuel plays only a subordinate role as source for the NMHC traces in the UT above Africa.
Comparison of age corrected emission ratios with the literature values for emission ratios should be made with caution due to both the uncertainties inherent in the age correction and to high variability in emission ratios from source measurements. Nevertheless, the age corrected emission ratios calculated here point towards the burning of savanna/grassland and tropical forest as a major source for NMHC in the UT above Africa. During this time of the year (OctobereMarch), when samples were taken, the burning season in the NH moves from the northern to the southern Sahel, where woodland (19%), grassland (17%), shrubland (7%) and cropland (12%) is burned (Roberts et al., 2009 ).
Photochemical processes in the upper troposphere
In Section 3.1, the differences in NMHC mixing ratio variability in the ITCZ region was discussed and the effect attributed to both mixing and their different photochemical lifetimes. In general, these differences in NMHC lifetime can be used to investigate the photochemical processing of air masses. Therefore we use the ratios between two NMHC, with different chemical lifetimes, to determine the photochemical age of air, Dt, and the degree of photochemical processing in the air masses in the convective zone of the ITCZ in Africa. The utility of using NMHC ratios to study photochemical aging and the accompanying theoretical framework has been well established in the literature (Baker et al., 2011b; Helmig et al., 2008; Honrath et al., 2008; Parrish et al., 2007 Parrish et al., , 1998 . Using equation (4), Dt can be derived for an air mass undergoing OH photochemistry from the ratio between two hydrocarbons, A and B, having different rates of reaction with OH, k A and k B , as described in equation (5).
[A] t /[B] t is the ratio between two NMHC measured in the air mass, and [A] 0 /[B] 0 is their emission ratio at the source. By using the ratios instead of single compounds, dilution is accounted for a hydrocarbon free background, since the dilution is expected to act Table 4 Emission ratios for biomass burning in the existing literature and in our study using age correction for the PBL contact air samples. Units are ppt ppb This study (Andreae and Merlet, 2001 ) ( Akagi et al., 2011) Ethane/CO 6.0 ± 0.5 4.4 ± 2.3 10.7 ± 0.6 14.3 ± 7.2 9.8 ± 6.1 7.1 ± 3.7 Propane/CO 1.1 ± 0.2 0.8 ± 0.3 0.9 ± 0.7 4.1 ± 3.1 1.0 ± 0.1 0.9 ± 0.4 Ethyne/CO 4.0 ± 0.3 4.5 ± 3.5 4.1 ± 2.0 9.7 ± 7.2 4.1 ± 1.7 5.1 ± 4.0 Benzene/CO 0.9 ± 0.1 1.2 ± 0.6 1.4 ± 0.1 8.7 ± 4.6 1.1 ± 0.5 1.5 ± 0.5 Toluene/CO 0.7 ± 0.1 0.6 ± 0.3 0.7 ± 0.2 4.3 ± 2.7 0.4 ± 0.3 0.9 ± 0.3 CH3Cl/CO 0.4 ± 0.2 0.6 ± 0.2 0.5 ± 0.3 0.4 ± 0.1 0.5 ± 0.3 0.3 ± 0.2 equally on both NMHC. On the other hand this equation is only strictly valid for the idealized situation of an isolated air mass experiencing photochemical oxidation by OH following a single pulse of emission. Therefore this approach neglects mixing with background air, which contains longer lived compounds like ethane and propane. To account for the mixing with background air, which already contains longer-lived NMHC (Parrish et al., 1992) , the comparison of the estimates derived from two different NMHC ratios is suggested, calculated by the measurement of three different NMHC: A, B, C. If only the reaction with OH were to act on the mixing ratios in the air parcel, the two estimates will be related by the following linear expression (6) derived from equation (5 To reduce autocorrelation effects it is recommended that the longestlived NMHC (here: ethane) be used as the denominator (B) and the more reactive compounds as numerators A and C (here: propane, nbutane, i-butane) (Parrish et al., 2004 (Parrish et al., , 1992 . Using the mixing ratios of ethane, propane and n-butane, equation (6) was applied to the CARIBIC airborne measurements which had boundary layer contact (Section 2.4) during the transAfrica flights (Fig. 8) . The linear fit of the logarithmic NMHC-ratios correlates with r 2 ¼ 0.62 for the different flights during this time period. The emission ratios for propane/ethane and n-butane/ ethane for savanna burning, tropical forest burning estimated from the study from Akagi et al. (2011) , and biofuel, estimated from the study of Andreae and Merlet (2001) were used as a basis to calculate OH-related loss processes. Also the 1:1 line representing pure dilution with air containing no NMHC is shown in the graph. The slope of 1.9 ± 0.2 of the linear fit of the CARIBIC samples is lower than the slope calculated for pure OH chemistry of 2.5 and is clearly higher than the slope of 1 for pure dilution. Therefore we surmise that the photochemical loss process is the main process, since the data fit is closer to the pure OH chemistry than to pure mixing, and that photochemistry is impacted by mixing processes with background air which shows very low mixing ratios of propane and n-butane. The samples taken in the SH (latitude < 0 N) fall furthest from the kinetic slope, indicating also input of cleaner air than for the NH samples. This is even more obvious when slopes for samples collected in each hemisphere are calculated, the NH air masses (n ¼ 32) have a kinetic slope of 2.30 ± 0.2 (R 2 ¼ 0.83) whereas the SH air masses (n ¼ 22) have a kinetic slope of 1.53 ± 0.3 (R 2 ¼ 0.60). Since the NH/SH OH ratio is considered to be close to one the overall reaction rate is the same in both hemispheres (Patra et al., 2014) . The higher slope in the NH data (compared to the SH) must be the result of lower concentrations of NMHC (e.g. ethane and propane) in southern hemisphere background air. As is shown in paragraph 3.2.1, the background air still contains ethane and propane. A higher mixing ratio of propane/ethane in the NH background air compared to the SH would explain the higher slope in the NH.
To estimate the age of air an OH mixing ratio of 9.3 Â 10 5 molec cm À3 (Spivakovsky et al., 2000) , which is the mean OH mixing ratio between 12 N and 12 S at 200 hPa in January, was used with the emission ratios for propane/ethane and n-butane/ethane for savanna grassland burning of 0.15 and 0.02 (Akagi et al., 2011) . The age of air was estimated for each ratio and is shown on a second axis in Fig. 8 (gray grid lines) . The photochemical age Dt ranges between one and eight days for n-butane/ethane and one and nine days for propane/ethane. To estimate the kinetic slopes for pure OH chemistry we use a single-emission-time and no mixing model. With this we get for this calculation a well-defined age, and the photochemical ages calculated using the two ratios should be on the 1:1 line on the age axis (upper/right axis). The age estimates of the CARIBIC samples for the two different ratios differ from the 1:1 age-line, because of the mixing with background air. This mixing of background air is more obvious in SH air masses as mentioned before. Comparing the age estimates from NMHC-ratios with the background trajectory derived ages, of 88 h and 58 h, respectively it becomes apparent that the calculated photochemical age of air is 53% higher. Given the uncertainties involved, the agreement is reasonable. Uncertainties in OH mixing ratio of 25% correspond to uncertainty in transport time between 25% and 33% (Baker et al., 2011b) . Moreover the uncertainty in used emission ratios derived from emission factors is similar. Therefore the estimate for the photochemical age of air derived by NMHC-ratios remains rather uncertain and the results for photochemical processing analysis are therefore only discussed qualitatively. The concurrent measurement of O 3 and NMHC ratios can provide information about the net effect of photochemical O 3 production or loss (Parrish et al., 2004) if the effect of local influences and stratospheric O 3 can be ruled out. Local influences will be negligible at the 10e12 km cruising altitude. Also the impact of stratospheric O 3 is expected to be small. At tropical latitudes, the "high" mixing ratios of H 2 O (200e300 ppm, Fig. 2 ) and CO (100e150 ppb) indicate prevailing upward transport and no descent from the stratosphere. In addition a filter for stratospherically influenced samples was used prior to data analysis (Section 2.3). Since O 3 in stratospheric air has a strong negative correlation with CO, such samples could be excluded by plotting DCO versus DO 3 (Fig. 14, supplement material) without finding any correlation. In Fig. 9 the O 3 concentration is plotted against the age of air, calculated based on the natural logarithm of propane/ethane. NOy mixing ratios measured are given as size of the symbols. This correlation plot is used to further elucidate the photochemical O 3 production (Parrish et al., 1992 (Parrish et al., , 2004 . For the whole dataset no significant correlation was found (R 2 ¼ 0.04), when the NH and SH samples were separated, a positive very weak correlation was however found for the NH (slope ¼ 1.63 ppb day
À1
, R 2 ¼ 0.2) and no correlation for SH (R 2 ¼ 0.02). Within the dataset presented here we see O 3 production in the NH but not in the SH. Elevated NO y mixing ratios in the NH, which are a proxy for higher NO x conditions, explain this difference in O 3 production between the hemispheres. The O 3 production in BB plumes from Africa found in the NH is supported by several studies, e.g. O 3 production was found in BB outflow above the Atlantic during the SAFARI-92/TRACE A (Thompson et al., 1996) , downwind from West Africa in the AMMA campaign (Real et al., 2010) and in undisturbed UT air masses (Andr es-Hern andez et al., 2009) and in the NH tropics all year round by .
Conclusion
Within the trans-African CARIBIC flight dataset taken between March 2009 and March 2011, elevated mixing ratios were observed for CO, CH 4 , H 2 O and aerosol particles. The elevated mixing ratios can be attributed in part to strong sources of BB between 0 and 10 N, which is related to the dry season north of the Equator during boreal winter. The elevated mixing ratios between the Equator and 10 S are a consequence of the stronger convection in the south due to the seasonal march of the ITCZ. The principally anthropogenically emitted halocarbons show a negative latitudinal gradient from the more industrialized NH to the SH.
Analyzing the NMHC data with positive matrix factorization (PMF) and comparing the results to the existing literature, three air mass types were found. Two of them could be attributed to trace gas emission sources (fossil fuels and BB), and one to background air. The NMHC mixing ratio pattern in the factor of background air followed the lifetimes of NMHC: ethane is the main component, followed by ethyne and propane with distinctly shorter lifetimes and benzene with even shorter lifetime (the lifetime of n-butane is so short that it is completely depleted in background air), suggesting this air has been in the free or upper troposphere for such a long time that all source information is lost. The comparison with in-situ measured compounds showed that the two emission related PMF sources, BB and fossil fuel, are correlated with CO and CH 4 , which are tracers for pollution events and that the BB factor is correlated with accumulation mode particles (N 140 ), which are formed in BB. The background factor did not show a correlation, which supports the fact that background air has no measurable connection to its source emission and contains trace gases in amounts corresponding to their atmospheric lifetimes.
To investigate the emission sources in more detail, samples were filtered for recent contact to the boundary layer. From this subset of samples enhancement ratios DNMHC/DCO were calculated from NMHC-CO scatter plots. These enhancement ratios are often used for source identification of combustion processes. The calculated enhancement ratios from the air masses with boundary layer contact are comparable to enhancement ratios measured in a BB plume during an earlier CARIBIC phase 1 flight from Munich to Windhoek (Mühle, 2002) , indicating that air masses with recent boundary layer contact are strongly influenced by BB emissions in this dataset. The comparison of the age corrected enhancement ratios with emission ratios measured for different classes of biomass in BB showed a good agreement with savanna and tropical forest burning emissions. Therefore we conclude that savanna and tropical forest burning are the main sources for BB emissions to the overall NMHC emissions from Africa, which is in agreement with the modeling results in Galanter et al. (2000) .
NMHC ratios from boundary layer air masses are used to investigate photochemical processes. Using the ratios of ln(propane/ethane) and ln(n-butane/ethane) OH-photochemistry and mixing was investigated during the CARIBIC flights to South Africa. The slopes for the ln-ln plots are between the kinetic slopes for pure OH chemistry and mixing with background air. The two hemispheres show different patterns, whereby the SH air samples show a slope closer to the slope of mixing with clean background air, whilst the NH air samples have a slope closer to pure OHphotochemistry or mixing with background air still containing propane and ethane. This indicates that mixing with background air is either stronger in the south or that background air is cleaner, which is supported by the fact that the NH is generally more polluted than the SH. The investigation of O 3 production during the transport to the UT and the OH-oxidation in the Africa samples showed evidence of O 3 production, which is expected in the BB outflow.
